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ABSTRACT

Dense associative memories (DAMs) are widely used models in artificial intelligence for pattern recognition tasks; computationally, they have
been proven to be robust against adversarial inputs and, theoretically, leveraging their analogy with spin-glass systems, they are usually treated
by means of statistical-mechanics tools. Here, we develop analytical methods, based on nonlinear partial differential equations, to investigate
their functioning. In particular, we prove differential identities involving DAM’s partition function and macroscopic observables useful for a
qualitative and quantitative analysis of the system. These results allow for a deeper comprehension of the mechanisms underlying DAMs and
provide interdisciplinary tools for their study.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095411

I. INTRODUCTION

Artificial intelligence (AI) is rapidly changing the face of our society thanks to its impressive abilities in accomplishing complex tasks
and extracting information from nontrivially structured, high-dimensional datasets. The successful applications of modern Al range from
hard sciences and technology to more practical scenarios (e.g., medical sciences, economics and finance, and many daily tasks). Its success
is primarily due to the ascent of deep learning,"” a set of semi-heuristic techniques consisting of several minimal building blocks stacked
together in complex architectures with extremely high learning performances. Despite its success, a rigorous theoretical framework guiding
the development of such machine-learning architectures is still lacking. In this context, statistical mechanics of complex systems offers ideal
tools to study neural-network models from a more theoretical (and rigorous) point of view, thus drawing a feasible path that makes AI less
empirical and more explainable.

In statistical mechanics, a primary classification of physical systems is the following. On the one hand, we have simple systems, which
are essentially characterized by the fact that the number of equilibrium configurations does not depend on the system size N. A paradigmatic
(mean-field) realization of this situation is the Curie-Weiss (CW) model in which all the spins 0;, i = 1,.. ., N, making up the system interact
pairwise by a constant, positive (i.e., ferromagnetic) coupling J. Below the critical temperature, in fact, the system exhibits ordered collec-
tive behaviors, and the equilibrium configurations of the system are characterized by only two possible values of the global magnetization
m(o) = %Zﬁl 0; (which are further related by a spin-flip symmetry 0; - —o; for each i = 1,...,N). On the other hand, we have complex
systems in which the number of equilibrium configurations increases according to an appropriate function of the system size N due to the
presence of frustrated interactions.” The prototypical example of mean-field spin-glass is the Sherrington-Kirkpatrick (SK) model* in which
the interaction strengths between the spin pairs are i.i.d. Gaussian variables. With respect to simple systems, spin-glass models exhibit a richer
physical and mathematical structure, as shown by the presence of the spontaneous replica-symmetry breaking and an infinite number of phase
transitions (e.g., see Refs. 5-12) as well as the ultrametric organization of pure states (e.g., see Refs. 13-15). Statistical mechanics of spin-glasses
has acquired a prominent role during the last decades due to its ability to describe the equilibrium dynamics of several paradigmatic models
for Al in particular thanks to the work of Amit, Gutfreund, and Sompolinsky'® on associative neural networks. For our concerns, the relevant
ones are the Hopfield model'”"'* and its p-spin extensions, the Dense Associative Memories (DAMs),'” " exhibiting features that are peculiar
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to both ferromagnetic (simple) and spin-glass (complex) systems. In these models, the interactions between the spins are designed in order
to store K “information patterns” denoted by {&"},-1,...x, where & = (&, g, .. ,EK,) e {-1, +1}N and Ef‘ is a Rademacher random variable
foranyi=1,...,Nandp = 1,...,K; the y-th pattern is said to be stored if the configuration ¢ = & is an equilibrium state and the relaxation
to this configuration, starting from a relatively close one (i.e., a corrupted version of &), is interpreted as the retrieval of that pattern. The
Hamilton function (or the energy in physics jargon) of these systems can be expressed as

K

HN,p(U) o< —Z (my(‘f))p»

u=1

where p is the interaction order (for the Hopfield model p = 2, while p > 2 for the DAMs) and my(0) := %Zfilfﬁ‘ o; is the so-called Mattis
magnetization measuring the retrieval of the y-th pattern. It has been shown that the number of storable patterns scales, at most as a function
of the system size, more precisely K < a.(p)N?~", where a.(p) € R, depends on the interaction order p and is referred to as critical storage
capacity.”>”’ By a statistical-mechanics investigation of these models, one can highlight the macroscopic observables (order parameters) useful
to describe the overall behavior of the system, i.e., to assess whether it exhibits retrieval capabilities, and the natural control parameters whose
tuning can qualitatively change the system behavior; such knowledge can then be summarized in phase diagrams.

Regarding the methods, we can rely on a wide set of techniques for analyzing the equilibrium dynamics of complex systems and, in
particular, to solve for their free energy. Historically, the first method (which was applied to the SK model and the Hopfield model'***)
is the replica trick, which—despite being straightforward and effective—is semi-heuristic and suffers from delicate points, see for example
Ref. 25. Alternatively, rigorous approaches have also been developed and, among these, the relevant one for our concerns is Guerra’s interpo-
lating framework. In this case, we can take advantage of rigorous mathematical methods by applying sum rules*® or by mapping the relevant
quantities (the free energy or the model order parameters) of the statistical setting to the solutions of PDE systems. Indeed, differential equa-
tions involving the partition functions (or related quantities) of thermodynamic models have been extensively investigated in the literature,
see for example Refs. 27-37. In particular, they allow us to express the equation of state governing the equilibrium dynamics of the system
in terms of solutions of nonlinear differential equations and to describe phase transition phenomena as a development of shock waves, thus
linking critical behaviors to gradient catastrophe theory.”® *' In a recent study,’ a direct connection between the thermodynamics of ferro-
magnetic models with interactions of order p and the equations of the Burgers hierarchy was established by linking the solution of the latter to
the equilibrium solution of the order parameter of the former (i.e., the global magnetization m). In the present paper, we extend these results
to complex models, in particular, to the Hopfield model and the DAMs.

The paper is organized as follows: In Sec. II, we introduce the relevant tools for our investigations, in particular Guerra’s interpolating
scheme for the PDE duality. In Sec. I, as a warm up, we review some basic results about the p-spin ferromagnetic models. In Sec. I'V, we
extend our results to the Derrida model (constituting the p-spin extension of the SK spin glass).*” In Sec. V, we merge our results in a unified
methodology for dealing with the DAMs, especially in the so-called high-storage limit, and re-derive the self-consistency equations for the
order parameters by means of PDE technology.

Il. GENERALITIES AND NOTATION

In this section, we present the thermodynamic objects we aim to study. We start with a system made up of N spins whose configurations
0 € 2y = {~1,+1}" are the nodes of a hypercube and that interact via a suitable tensor J of order p. The Hamilton functions of the system we
will consider in this paper are of the form

1
Dyny it

N
Z ]i1>i2,--~>fpai1 (73 Ui[,, (21)

ip=1

Hyypj(0) =~

where D, n; is a normalization factor ensuring the linear extensivity of the energy with the system size. Once the Hamiltonian is fixed, we
introduce the partition function in the usual Boltzmann-Gibbs form. Thus, given 8 € R, the level of thermal noise of the system, the partition
function is defined as

Znpg(B) = Y exp[-PHn,py(0)]. (22)

oeXy

As is standard in statistical mechanics, it is convenient to compute intensive quantities that are well-defined in the thermodynamic limit
N — 0. Since the partition function is a sum of 2N contribution, it is sufficient to take the intensive logarithm of the partition function, i.e.,

Anas(B) 1= 5108 Zags (B).

which is the intensive statistical pressure (which, apart from a factor —f, is the usual free energy) of the system. When dealing with spin-
glass systems, the coupling tensor J is a multidimensional random variable, thus the partition function defines a random measure on the
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configuration space. For good enough probability distributions of the coupling matrix, the intensive logarithm of the partition function is
expected to converge to its expectation value in the thermodynamic limit N — oo by virtue of self-averaging theorems,"”** so it is natural to
consider the quenched intensive pressure associated with the partition function (2.2), which is defined as

Anp(B) = T log Zupa(B), @3

where E; denotes the average over the quenched disorder J (we stress that, in this case, the free energy does not depend any longer on the
coupling matrix because of the average operation).

Rather than working with the quantity (2.2), we will use as a fundamental object Guerra’s interpolating partition function and its
associated interpolating intensive pressure. For instance, for spin-glass systems, we would have

Znpy(t,x) = Z exp[—Hnpj(t,x)],
oely

1 (2.4)
Anp(t,x) = NE’ log Znpy(t,x),

where Hy,pj(t,x) denotes the interpolating Hamiltonian satisfying the properties such that (1) at x = 0 and ¢ # 0, it recovers the Hamiltonian
(2.1) times f3, and (2) at t = 0 and x # 0, it corresponds to an exactly-solvable one-body system—a system where spins interact only with
an external field that has to be set a posteriori. The interpolating parameters ¢ and x are interpreted, in a mechanical analogy, as spacetime
coordinates with suitable dimensionality.

The interpolating structure (2.4) implies a generalized measure, whose related Boltzmann factor is

Bnypj(t,x) == exp[-Hnps(t,x)]. (2.5)

Thus, for an arbitrary observable O(¢) in the configuration space Zy, we can introduce the Boltzmann average induced by the partition
function (2.4) as

S 0(0) B (1) 26)

0) =
wxl0) = (60 &,

Usually, in spin-glass systems, the quenched average is performed after taking the Boltzmann expectation values on the s-replicated space

Zﬁf) = (Zn)® = {1, +1}*N, which is naturally endowed with a random Gibbs measure corresponding to the partition function ZZE,S’I))J(t,x)

= Znpj(t,x)°. Given a function O : ZS) — R, the Boltzmann average in the s-replicated space is straightforwardly defined as

N 1 S
0f(0) = —5—— 3 0(a)BS),(t.%),
ZN,pJ(t’x)gezgf)

where ¢ € Zl(j) is the global configuration of the replicated system and BI(\;;J(t,x) is the Boltzmann factor associated with the s-replicated

partition function. Of course, in spin-glass theory, the relevant quantities are the quenched expectation values, which are defined as
(O = 107 (0). @.7)

For the sake of simplicity, we drop the index s from the quenched averages, as it would be clear from the context.

With all these definitions in mind, we are then able to find the link between the resolution of the statistical mechanics of a given spin-
like model and a specific PDE problem in the fictitious space (t,x). Before concluding this section, it is worth recalling that here we will
work under the replica-symmetry (RS) assumption, meaning that we assume the self-averaging property for any order parameter X, i.e., the
fluctuations around their expectation values vanish in the thermodynamic limit. In distributional sense, this corresponds to

Jim P (X) = 8(X - X), (2.8)

where X = (X), is the expectation value with respect to the interpolating measure Py (X). Typically, for simple systems, this assumption is
correct. However, for complex systems, this is not always the case; for instance, in spin-glasses, the RS is broken at low temperature.” When
dealing with neural-network models, RS constitutes a standard working assumption as it usually applies (at least) in a limited region of the
parameter space, while elsewhere it yields only small quantitative discrepancies with respect to the exact solution.”” The latter, accounting
for RSB phenomena, can be obtained by iteratively perturbing the RS interpolation scheme (e.g., see Refs. 37, 47, and 48); thus, our results
find direct application on the practical side and provide the starting point for further refinements on the theoretical side.
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The models that shall be addressed in the next sections display Hamiltonian functions (2.1) that only differ in the choice of the tensor
J: We will start with the simplest case in which the interaction strength between the spins is homogeneous (i.e., Jivsizs..iy = J € R™); then, we
will move to a more complex system, the Derrida model, where the interaction strength is randomly drawn (i.e., Jivsisse iy ™ N(0,1)), finally
ending with DAMs in which J is a tensorial generalization of the standard Hebbian storing rule, where the K patterns {&} -1, x are allocated
(iees Jivsingo. iy = Nl_pi:lfﬁ fﬁ;)

Our main results consist in proving that, i, the expectation value of the order parameter of the Derrida model is nothing but the solution
of the p-th Burgers hierarchy, in the inviscid limit and under appropriate initial conditions, ii. for DAMs networks, the expectation values of
the order parameters satisfy a system of PDEs with Burgers-hierarchy-like structure.

lll. p-SPIN FERROMAGNETIC MODELS: HOW TO DEAL WITH SIMPLE SYSTEMS

The present section is a compendium of the results reported in Ref. 36, so we refer to that work for a detailed derivation. In p-spin
ferromagnets, the interaction between spins is fixed by the requirement Jivsiaseroip =T for each i1,...,ip = 1,...,N and J > 0; without loss of
generality, one can set J = 1, since it corresponds to a rescaling of the thermal noise. Thus, the Hamilton function of the model simply
reads as

1 N
HN,p(O') = _W, Z 1011 . Uip = —N(m(o'))p, (31)
e olp=

with

m(o) = %Zai

being the global magnetization of the system. By following the same lines of Ref. 36, Guerra’s interpolating partition function reads

Znp(tx) = 3 exp(=Hu,p(t:x)), (32)
oely
Hy,(t,x) = tNm(e)! — Nxm(e), (3.3)

where (t,x) € R%. The starting point is to notice that the interpolating statistical pressure associated with the partition function (3.2) has
spacetime derivatives given by

BiANp(1x) = ~wie(m(o)P), (3.4)
OxAny(t,x) = wrx(m(0)). (3.5)

The expectation value of monomials of the global magnetization satisfies the following relation:*

Oswix(m(0)") = N(wex(m(0)™) ~ wex(m(0) )wex(m(0))): (3.6)

This means that we can act on the expectation value wyx(m(0)) to generate higher momenta. In particular, calling u(t,x) = wix(m(0o)) and
setting s = p — 1, we directly get the Burgers hierarchy,

1 p-1
Owu(t,x) + 8X(N8x + u(t,x)) u(t,x) = 0. (3.7)

This duality also allows us to analyze the thermodynamic limit, corresponding to the inviscid scenario for the Burgers hierarchy. Indeed,

posing i(t, x) = imy—eo t(t,X) = iMN— oo wrx(m(0)), we have the initial value problem

Avin(t,x) + pir(t, x)P " Oyian(t,x) = 0,

(3.8)
#(0,x) = tanh(x),

where the initial profile is easily computed by straightforward calculations since it is a one-body problem. This system describes the propaga-
tion of nonlinear waves, and it can be solved by assuming a solution in implicit form i(t, x) = tanh(x — v(t,x)t), where v(t,x) = pir(t,x)P "' is
the effective velocity. Recalling that the thermodynamics of the original p-spin model associated with the Hamilton function (3.1) is recovered
by setting t = —ff and x = 0, we directly obtain
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i = tanh(Bpm? "), (3.9)

where i = 7(—f3,0). This is precisely the self-consistency equation for the global magnetization for the p-spin ferromagnetic model.”® The
phase transition of the system is expected to take place where the gradient of the solution explodes, which, on the Burgers side, corresponds to
the development of a shock wave at x = 0. Since the temporal coordinate ¢ is directly related to the thermal noise at which the phase transition
occurs, with standard PDE methods, we can analytically determine the critical temperature according to the simple system

Eo ()
F'(§)’
T.=F (%),

where F(£) = ptanh(&)P". This prediction is in perfect agreement with the numerical solutions of the self-consistency Eq. (3.9).

IV. DERRIDA MODEL: HOW TO DEAL WITH COMPLEX SYSTEMS

In this section, we adapt the previous methodologies to treat complex systems with p-spin interactions. The paradigmatic case is given
by the p-spin SK model, also referred to as Derrida model, defined below.

Definition 1. Let o be the generic point in the configuration space Ty = {~1, +1}" of the system. Let J be a p-rank random tensor with i.i.d.
entries Ji,._.i, ~ N'(0,1). The Hamilton function of the p-spin Derrida model is defined as

N
p!

H o) =- E i i 00 . O 4.1

N,p,l( ) ZNP_I]Sil<4..<ipsN]’1“Jp i i ( )

Remark 1. For p = 2, we recover the Sherrington-Kirkpatrick model.*

Remark 2. In the usual definition of the p-spin SK model, the sum is performed with the constraint 1 < iy <iy < ... iy <N like in (4.1).
Beyond that formulation, it is possible to consider an alternative one, where summation is realized independently over all the indices, the
difference between the two expressions being vanishing in the thermodynamic limit, that is,

N
>oo()= l' Y>> () + contributions vanishingas N — oo. (4.2)

1<y <--<ip<N Py, =1

Since we are interested in the thermodynamic limit, we will often use the equality

O=1 3 0 (43

1<y < -<ip<N Pi, =1

holding in the N — oo limit.

Definition 2. Given (t,x) € R* and given a family {J;}Y, of i.i.d. N'(0,1)-distributed random variables, Guerra’s interpolating partition
function for the p-spin SK model is

Znpy(t,x) = Z exp(—Hnpj(t,x)), (4.4)
oely
tP' N N
Hypy(t,x) = - NPT Z Jiy..i, 06 - 03, — ﬂZliUi. (4.5)
1<ij<<ip<N i=1

The Boltzmann factor associated with this partition function is denoted with By p(t,x).

As stated in Sec. I, when dealing with spin-glasses, we need to enlarge our analysis to the s-replicated version of the configuration space.
To this aim, we use the following.
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Definition 3. Let ZI(\;) = (2n)® = {1, 41} be the s-replicated configuration space. We denote with o = (a',...,6") € ZZ(VS) the global

configuration of the replicated system. The space 21(\;) is naturally endowed with the s-replicated Boltzmann-Gibbs measure associated to the
partition function

N t ! $ N a a . N a
Z]E,;J(t,x) = > exp( P > ]il___ipaﬁ ) ...o; ) 4 VXY, Z],-ai( )). (4.6)

-1
EEZL(VS) 2NP a=11<i;<---<i,<N a=1i=1

We will denote with BI(\,S;J(t,x) the Boltzmann factor appearing in the s-replicated partition function. Given an observable O : 21(\;) — R on the

replicated space, the Boltzmann average with respect to the s-replicated partition function is

Zgo(g)BI(\IS,;J(t) -x)

(s) -
Qt,x (O) - ZEBI(\;;J(LX)

(4.7)
Remark 3. The thermodynamics of the original model is recovered with t = * and x = 0.

Remark 4. Since the replicas are independent, Z]E,S’;J(t,x) = (Znpy(t,x))".

In the following, in order to lighten the notation, the replica index s of the Boltzmann average in) can be dropped, since it is understood
directly from the function to be averaged.

Definition 4. Given an observable O : ZIS,S) — R on the replicated space, the quenched average is defined as
(O)tx = EfQ:2(O). (4.8)

Remark 5. In the last definition, the average Ey is again the expectation value performed over all the quenched disorder, thus including the
auxiliary random variables in the interpolating setup.

Definition 5. The order parameter for the p-spin SK model is the replica overlap
1Y
Gab = NZ Gi( )Uf(b)’ (4.9)
i=1

(b)

where 6" and 6'*) are two generic configurations of different replicas of the system labeled, respectively, a and b.

We can now focus on the PDE approach to the statistical mechanics of the p-spin SK model. The final goal is to prove the following
theorem.

Theorem 1. The expectation value of the order parameter for the p-spin Derrida model under the RS ansatz is given by the function
q(B) = u(f%,0), where u(t, x) is the solution of the inviscid limit of the p-th element Burgers hierarchy with initial profile (4.32), i.e.,

Ou(t,x) - %axup(t,x) =0,

(4.10)
u(0,x) = By tanh® (\/x]).
To this aim, it is necessary to first prove some preliminary properties, as detailed below.
Definition 6. For all p > 2, Guerra’s action functional is defined as
t
Snp(t,x) = 2ANp(Hx) —x — X (4.11)
Lemma 1. The spacetime derivatives of Guerra’s action functional read as follows:
1
OSnp(t,x) = 75(4{2)@)( + Ry (t,x), (4.12)
J. Math. Phys. 63, 103304 (2022); doi: 10.1063/5.0095411 63, 103304-6
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OxSNp(t,x) = —(q12 )t (4.13)

where Ry (t, x) takes into account the contributions coming from (4.2) and vanishing in the N — oo limit.

The proof of this lemma can be found in Appendix A.

Lemma 2. Given an observable O : Zl(j) — IR on the replicated space, the following streaming equation holds:

9(0(@))s =5 3 (0(0)auia ~ N (O )gusn
SN0+ E I (0@ g (@11

Proof. The proof is long and rather cumbersome, so we will just give a sketch. First of all, we recall that

(0(0))tx = E; Z 0(0)BS 1y (£%). (4.15)

ZN (t x)s

When taking the x-derivative of this quantity, we will get two contributions: the first one follows from the derivative of B N ](t x) and the
second one follows from the derivative of 1/Zy,; (which results in adding a new replica). In quantitative terms,

0x{0(0))1x (Z Slie———3 .. ZO(a)a(“)B(SM(t x)

a=1i=1 ZNpI(t XV o

SZLZN (tx)mz ZO(U)J(HI)B(SH)(tx)) (4.16)
P

o) o(s+1)

The presence of J; in both terms of the right-hand side can be carried out by applying the Wick-Isserlis theorem. Then, each J;-derivative
results in two different contributions that can be recast as the difference of two s-replicated Boltzmann averages (in fact, notice that the
action of the derivative on the denominators involving the partition functions results in the appearance of a replicated Boltzmann factor).
Furthermore, the explicit x-dependence of the derivative precisely cancels out (since the J;-derivative will produce factors proportional to
\/x). After all these passages, and remembering (-)¢,x = EjQ¢(-), we get

18 N B s & N B s
0:(0(2))1x Y Z Z O(cr)a( ) z(h) Jix EZZ O(E)Oi( )Oi( H))M
a,b=1i=1 a=1 i=1
s+1 N B s 1 N s s
-2 2 (0(e)o P V) e+ 5(5; ) (0(0)0" V0. (4.17)
s=1 i=1 i=1
Recalling Definition 5 and after some rearrangements of the quantities, we get the thesis. O

In order to proceed, we have now to make some physical assumptions on the model. As standard in spin-glass theory, the simplest
requirement is the RS in the thermodynamic limit. In fact, as we are going to show, this makes the PDE approach feasible due to the fact that
we can express nontrivial expectation values of functions of the replicas in a very simple form.

Proposition 1. For the interpolated Derrida model (4.4) and (4.5), the following equality holds:

p-1
(dfohen = (0 aih)  (@i2)en + QY (00, (418)

where Q(P 1)(t, x) vanishes in the N — oo limit and under the RS assumption.

Proof. Let us consider the x-derivative of (g,,) and try to rearrange the first contribution as follows:

(42923 = (42A8(q23) Yt + (@23) (2}t (4.19)
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where A(qap) = qab — (qab)tx Va, b is the fluctuation of the overlap with respect to its thermodynamic value. Furthermore,

(1223 )ex = (A(12)A(23)) e + (G12)x{A(923) Ve + (923) e (12 )
= (qu)i{qiz)ix + R (%), (4.20)
where R,(\,l‘l) (t,x) represents the terms involving the fluctuation functions of the overlap. In the last equality, we also used the fact that (g23) .«

= (q12)x since the average is independent of the labeling of replicas.
We now notice that, by using O(g) = g, in Lemma 2, we reach the following equality for each I € N:

8x<q112>t,x = N((qll"él)t,x - 4<q112q23)t,x + 3(‘]112q34>t,x)) (421)

and for the last contribution in the right-hand side, we can apply an expansion analogous to (4.20),

(@12930) 1 = (@12)ex(qia)ox + RGD (8,). (4.22)
Thus, combining (4.20)-(4.22), we finally get
1
(q’le)z,x = Nax<qllz>t,x + (mz)r,x(qllz)r,x + Rz(\fl) (t.x), (4.23)

where RI(\,I) (t,x) = 4RS‘Z) (t,x) - 3RI(\,2’I) (t,x). We can then express higher moments of the overlap in terms of lower ones,

1
(qlel)t,x = (Nax + <q12>t,x)(qllz>t,x + RI(J)(RX)- (4.24)

Iterating this procedure from / = 1 up to [ = p — 1, we obtain

1 Pl -
(dfohen = (0 + ah)  (@2des + QY (00, (429)
where Ql(f_l) (t,x) collects all the terms involving RI(\,I) (t,x) and, thus, vanishes in the N — oo limit. ]

At this point, we have at our disposal all the ingredients needed for making explicit our approach. Using (4.25) in (4.12), we get

p-1

1/1 1 _
atsN,P(r,x>:—E(Naﬁ(qn)t,x) (i2)s + R (83) = 5 QY7 (1.0) (4.26)

Deriving (4.26) with respect to the spatial coordinate x, we have
1, (1 Pl
8t8xSN,p(t: x) = _Eax( Nax + (q12>t,x) <q12>t,x + VN(t: -x)>

where Vy(t,x) := —Ox(Ry(t,x) - 1 I(f,)_l)(t,x)) is vanishing in the N — oo limit. Then, recalling Eq. (4.13), we can write the following
equation:
-1

4
Or{qua) s — %ax(ﬁax N <qlz>t,x) (@i2)ex = Vi (£:%). 4.27)

On the lhs, we recognize a Burgers hierarchy structure, while on the rhs, we have a source term (which further vanishes in the thermodynamic
limit).
We are finally ready to prove Theorem 1, as reported hereafter.

Proof 1. By taking the limit of Eq. (4.27) for N — oo and recalling that Vv (t,x) — 0 for N — oo, we get

Oru(t,x) — %&cu"(t,x) =0, (4.28)
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where u(t,x) := limy— oo (q12 )1.x- The initial profile of the Cauchy problem associated with the PDE (4.28) is easily determined, since for ¢ = 0,
the partition function reduces to a one-body problem. Thus, we have to compute #(0,x) = limy— oo {(§12)0,x. To achieve this aim, we start from
the partition function evaluated at t = 0, which is

N N
Znpy(0,x) = Z exp(\/y_cz ]1-0,-) = H 2 COSh(\/)_C],‘). (4.29)
3 i=1 i=1

Taking the logarithm and averaging over the quenched disorder J, we have the intensive pressure,
1 al 2 &
Anyp(0,x) = NE] log [ ]2 cosh(\/xJ;) =log 2 + NZE} log cosh(\/xJ;). (4.30)
i=1 i=1

Recalling that Guerra’s action is defined as in (4.11) and that the J; are i.i.d., so the sum of quenched averages of functions of J; is N times the
average with respect to a single quenched variable ] ~ A/(0,1), we get

Sn(0,x) =2 log 2 + 2E; log cosh(v/x]) — x. (4.31)

Finally, taking the derivative with respect to the spatial coordinate, we have the initial profile for the overlap expectation value, which reads
u(0,x) = Jim (q12)0x = By tanh®(v/xJ). (4.32)

Here, we again used the Wick-Isserlis theorem for normally distributed random variables. Putting together (4.28) and (4.10), we get the
thesis. ]

Corollary 1. The implicit solution of the inviscid Burgers hierarchy (4.10) is the self-consistency equation for the order parameter q(f3) for
the p-spin model under the RS ansatz.

Proof. Let us rewrite the differential Eq. (4.10) as

Ohu — guP’laxu =0. (4.33)

This is a nonlinear wave equation and, as well-known, it admits a solution of the form u(#,x) = uo(x — v(¢,x)t), where uy is the initial profile
and v(t,x) is the effective velocity. For the case under consideration, we have v(t,x) = J%up -1 (t,x); thus,

u(t,x) =E; tanhz(\ [x+ t‘gu(t, x)P‘l]). (4.34)

Recalling that g(8) = u(f8%,0), we finally have

q=E tanhz(ﬂ 123?11"1] ) (4.35)
which is precisely the self-consistency equation for the p-spin glass model, as reported also in Ref. 27. O

Corollary 2. The (ergodicity breaking) phase transition of the p-spin model coincides with the gradient catastrophe of the Cauchy problem
(4.10), and the critical temperature is determined by the system parameters,

T. =+/-F'(¥),

i F(«f) (4.36)
F(&)’

where F(§) = —2E; tanh*(\/x]).
Proof. The determination of the critical temperature can be achieved with the usual analysis of intersecting characteristics of the Cauchy
problem (4.10), and follows the same lines of Ref. 36. m]

As a comparison, in Fig. 1, we reported the solutions of the self-consistency Eq. (4.35) for p =2,...,8 (solid curves) and the critical
temperatures as predicted by the system (4.36) (dashed lines).
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FIG. 1. Solutions of the self-consistency Eq. (4.35) forp = 2, . . ., 8 (solid curves) and the critical temperatures as predicted by the system (4.36) (dashed lines).

V. APPLICATION TO DENSE ASSOCIATIVE MEMORIES

Going beyond the pure spin-glass case, in this section, we will approach the DAMs that constitute a generalization of the Hopfield model
where neurons are embedded on hyper-graphs of order p, in such a way that they interact in groups of p units and the Hopfield reference is
recovered for p = 2. These systems are the main focus of this work.

Definition 7. Let & be the generic point in the configuration space Iy = {~1,+1}" of the system. Given K random patterns {f”}ff:l each

made of N i.i.d. binary entries drawn with equal probability P(&' = -1) = P(& =1) = 1 Vi=1,...,N, the Hamiltonian of the p-th order
DAM is
1 K

N
> o, (5.1)
A

-1
NP u=1i

HN,p,{,K(o') ==

Remark 6. The normalization factor ﬁ ensures the linear extensivity of the Hamiltonian, in the volume of the network N, i.e.,

—H‘\’I‘V”"’K € (0,+00).

limN—>oo

As anticipated in Sec. I, DAMs have been proved to exhibit high computational skills.”' ** Among these, we recall that they are able
to store a number of patterns K scaling as K ~ NP~'**** and that, if supplied with a relatively small number of patterns, they can retrieve
them also in the presence of additional and extensive sources of noise.”""’ In general, the network performance can be split into two regimes:
(1) the low-load one, where limy_, oo % =0, and (2) the high-storage one, where limy_ oo % > 0; in the following, we will address both
of them.

A. Low storage

Let us begin the analysis of the network in a low-load regime, setting the number of stored patterns as finite. Again, the goal is to use
interpolation techniques and derive PDEs able to describe the thermodynamics of the system. To do this, let us start by defining the below
quantity.

Definition 8. The order parameters used to describe the macroscopic behavior of the model are the so-called Mattis magnetizations,
defined as

1 N
my(0o) := —foai Vu=1,...,K, (5.2)
N
measuring the overlap between the network configuration and the stored patterns.

Remark 7. The Hamilton function (5.1) in terms of the Mattis magnetizations is

Hypex(0) = =N (mu(0))’.
u=1
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Next, we define the basic objects of our investigations within the interpolating framework.

Definition 9. Given (t,x) € RX*Y, the spacetime Guerra’s interpolating partition function for the DAM model (in the low-load regime)

reads as
ZN,p)g,K(t,x) = Z exp(fHN,P)g)K(t,x)), (53)
o€y
K K
Hypex(tx) =Ny my(0) = N x,m, (o). (5.4)
u=1 u=1

Remark 8. The spacetime Guerra’s interpolating partition function recovers the one related to the DAM by setting t = —f3 and x = 0.

We recall that, for the CW model, the Guerra mechanical analogy consists in interpreting the statistical pressure as the Burgers hierarchy
describing the motion of viscid nonlinear waves in 1 + 1-dimensional space. In the case of the DAMs, we have K Mattis magnetizations, and
the dual mechanical system describes nonlinear waves traveling in a K + 1-dimensional space.

Definition 10. For each configuration @ € Xy of the system, the Boltzmann factor corresponding to the partition function (5.3) is

K K
BN,P);,K(t,x) = exp(—tNZ mﬂ(a)p + NZ xﬂm#(a)). (5.5)
u=1 u=1
Lemma 3. The first-order spacetime derivatives of the Guerra intensive pressure associated to the partition function (5.3) read as
K
O ANpex (%) = =Y wix(myu(o)F), (5.6)
u=1
GFAN,p,g,K(t,x) = w,,x(my(a)), (57)

where 0y, := Oxs.

Proof. Recalling the definition of the intensive pressure Ay ¢ (£, %) = 3 10g ¥ gex, By ek (1 %), along with Eq. (5.5), the proof follows
straightforward computations. The temporal derivative reads

1, _
OiANpex (%) = NZN,IP,E,K (tx) Y,

o€y

K K
(—N > myu(o)’ )BN,p,f,K(t’x) == wix(mu(0)"),
u=1 u=1
while the spatial derivative reads

1, _
OuAnpex (%) = NZN;,E,K(t’x) Zz: (Nmu(6))Byp ek (tx) = wia(my(0)).
oeZy

Proposition 2. The higher (non-centered) momenta of the Mattis magnetizations are realized as
1
wt,x(m;+l - (Naﬂ + wt,x(mﬂ))wt,x(m,i), (5.8)

for each integer s > 1.

Proof. We start by computing the spatial derivative of the Mattis magnetizations expectation value,

6th,x(m;) = aV(ZI?I,lp,E,K(tx) Z m.“(o-)SBN,Pi,K(t’x))

oeXy

= NZypex () Y mu(0) my(0)Bypex(tx)

oeXy

- NZ;,,IP,&K(t,x) Z m#(a)SBN)p)E)K(t,x) ~Z{,,11,£,K(t,x) Z mv(ol)BN,P)g,K(t,x)

oeXy o'eXy

= Nwt,x(m;mv) - Nwt,x(m;)wt,x(mv).
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In particular, for v = y, we have
Bure(my) = N{wee(m") = wee(m;,)wre (my) ).

Expressing the higher order moment in terms of the other quantities, we reach the thesis. O

By calling upf) (t,x) = wrx(my(0)’), we can express all u, )(t x) in terms ofu (t,x) := u,(t,x) for each s > 1. Indeed,

1 1 s
u[(fﬂ)(t,x) = (Nay + uH(t,x))u,ss)(t,x) = (NBI4 + u#(t,x)) u,(t, x). (5.9)
To simplify the notation, we define the operator D, := 30, + uu(t, X).

Theorem 2. The expectation value of the Mattis magnetizations of the interpolated DAM model (5.3) and (5.4) satisfies the nonlinear
evolutive equations given by

Oruy(t,x) = —ZK: 5‘,4D€71uv(t,x). (5.10)
v=1

Proof. First, we puts=p—1in (5.9) so that
usp)(t,x) = D) uy (1, x).

Now, recall that u (t,x) = wix(m,(c)?) and OrAnpex (t:x) = 72511 wex(my(o)?); thus,

K
OiAnpex(t:x) = Zu(P)(t,x) = —ZDﬁfluv(t,x).
v=1 v=1

Taking the derivative 9,, commuting 0; and 0, and recalling that 0, Ay ek (£, %) = @ex(mu(06)) = uu(t,x), we directly reach the thesis. O

Before proceeding, it is useful to recall that the evolutive Eq. (5.10) can be linearized by means of the Cole-Hopf transform. In fact,
performing the multidimensional Cole-Hopf transform u,(t,x) = +9,(log ¥), we have

8‘1’

(Y

)‘18‘1’
¥

and by using the basic identities

>

(8}4 + 8,47‘1’)5{9#7\{/ _ 8154“‘1’

v ) v oy
0¥ oY
Or—— =0u——,
¥ b4
we have K
IS4 b4
A ot Rl It
v 4y

Setting the argument of the spatial derivative to zero and assuming ¥ # 0, we have

1 K
Y+ —S ¥ =0.
Np-1 ; v

Remark 9. In the proof, the function ¥ is nothing but Guerra’s interpolating partition function, as can be understood by comparing
the definitions u,(t,x) = 3.0, log W(t,x) and u,(t,x) = 0uAn gk (t,%). Indeed, by computing the derivatives of the partition function, we
easily get

K
&ZNJ,,&K(t,x) = —NZ Z mﬁ(o)BN)p,g)K(t,x),
u=10€ely

BﬁZN,p,g,K(t,x) = Np Z mﬁ(a)BN)P,g)K(t,x).

o€ly

A direct comparison shows that Guerra’s interpolating partition function satisfies the same differential equation of the ¥ potential.
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Remark 10. The case K = 1 corresponds to the p-spin CW model treated in Ref. 36. Indeed, the partition function of the system can be

handled as
1 ’ 1
Inpex-1(tx) = Y. exp(—tN(NZf}a,-) +Nx(NZE}0i))
oeXy i i
1 p 1 (cw)
el (wge) o)) e

where we used the invariance of the partition function under the transformation o; — & a;. In this particular case, we recover the Burgers
hierarchy with viscosity parameter 1/N: calling x; = x and u, (t,x) = u(t,x), family (5.10) reduces to

p-1
8tu+8x( 6X+u) u=0.

Within this framework, we generate the multidimensional generalization of Burgers hierarchy, see Appendix B for further details and
examples.

B. High storage

Here, we will study the p-spin DAMs in the high-load regime limy— oo % = a > 0 for even p, which, unlike the low-load regime just
discussed, exhibits a complex behavior. Let us start by observing that, in this case, the partition function related to the Hamiltonian (5.1) can
also be written in the following form (notice the little abuse of notation in the expression Zy ¢,4(f): in the subscript, & is meant as the ratio

K/NP~! by-passing the thermodynamic limit):

ZN,p,E,zx(/j) = Z eXP(_ﬁHN,p,E,a(O'))

oeZy
(5.11)
= ex; E .. 0',1... oi |
Sea bt E q

Here, we used the index « rather than K in order to distinguish between the partition function of low- and high-storage regimes.

As standard in statistical mechanics of (complex) neural networks, we will assume that a single pattern is the candidate to be retrieved, say
&', Under this assumption, we can treat separately the Mattis magnetization # := m, corresponding to the recalled pattern from those associ-
ated with non-retrieved ones. Accordingly, in the partition function (5.11), the sum over y is split into a signal contribution (corresponding
to u = 1) and a noise contribution (corresponding to y > 1). For the latter, we apply a generalization of the quenched-noise universality
property,”’*” whence

N K 2
Z .. O',l SOy VZ( Z iy Oi, .. 'Uip/z) s (5.12)

U2 \ij<- <1P/2

|VMN

where ]Z iy i N(0,1) are effective interaction strengths and the parameter V controls the scale of these effective interactions. In the
expression above, the symbol ~ means that the two sides are Gaussian random variables in the thermodynamic limit, i.e., N, K — oo, with the
same second moment (the first moment is unessential since it would contribute to the free energy as O(log N/N)). The quantity V can be

computed as detailed in Appendix C, and it reads

:gl\/@p—l)n —2((p—1>n>2. (5.13)

For later convenience, we define V = 21} (notice that, for p = 2, we have Vy = 1). With this definition, we can directly replace the noisy
contribution in the partition function with the rhs of (5.12) and perform a Hubbard-Stratonovich transformation.

Definition 11. Given (t,x) € R*, the spacetime Guerra’s interpolating partition function for the DAM model in the high-load regime

reads as
. i
Z (tx)= > / [14~, e exp(~Hypea(t:x)) (5.14)
N,p.&, > - 14 N XN ANS] > .
s o€Xy u=1 V2m ”
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LS S e

tN
HN,p,E,a(t’x) == 7

U=2i <+ <1p/2
N 1 -p/2 K N
- Vxy, qioi—\/Nl—P/ZyZ GMTH+ Vo(t—to) +y]ZT 5@ (5.15)
i=1 u=1 u=1
where x = (x,y,z) and ]ﬁ: i 1i» 0 ~ N(0,1) are i.i.d. standard Gaussian variables.

Remark 11. An integral representation of the partition function of the original DAM model (5.11) is recovered by setting ty = 2—, and
(t,x,,2) = (P' ,0,0,0); then, by performing the Gaussian integration in (5.14), we recover the straight partition function.

In the case under consideration, the Boltzmann average induced by the interpolating partition function (5.14) reads as

d O(0,7)Bypealts
(0 - DS (2 O IBrpea(x). 16
ZNp £, Dt(t x)
and, by averaging also with respect to the quenched noise,
(0(0,7))tx := Eg ol wix(O(0,7))], (5.17)

where O(@, T) is a generic observable in the configuration space of the system, E¢, ¢ denotes the quenched average over the set of i.i.d.
Gaussian standard variables specified in the subscript, and By is the generalized Boltzmann factor defined as

\/T/Z Z iy Ot -+ O T

U=21i<-- <tP/2

N
Bpra(t x) = exp(m +

p#=1

N 1-p/2 K
+/x) mioi + \/Nl‘P/ZyZ 07y — N - Wo(t-to) +y Z + zm)
i=1 u=1

As mentioned in Sec. I, the high-storage regime of associative neural networks exhibits both ferromagnetic and spin-glass features. Thus,
in order to fully characterize the system behavior, besides the usual Mattis magnetizations, we need the overlap for the two sets of relevant
variables in the integral formulation of the partition function (5.14).

Definition 12. The order parameters used to describe the macroscopic behavior of the model are the Mattis magnetization m (already
defined in (8) and used to quantify the retrieval capability of the network), the replica overlap in the & variables,

q12 = ZU(I) (2) (5.18)

and the replica overlap in the ©’s variables,
Z (1) (2)
P12 = NP/2 (5.19)

The main result of this section is given by the following theorem, which establishes that the expectation of the order parameters of the
p-th order DAM in the high-storage limit fulfills a set of PDEs that generalize the Burgers hierarchy structure.

Theorem 3. The high-storage regime for the DAM models under the RS assumption in the thermodynamic limit can be described by the
following system of partial differential equation (PDEs):

A + Ouin” = Vo0,:q"*p = 0,
Op + 0ym? —Vd,"*p = 0, (5.20)
A — 0. +V40.4"*p = 0,
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with the initial conditions
q(0,x) = En[tanhz(\/a_cn + g)],
ay .
Y ifp=2,
p(0,x) ={ (1+y—1)? (5.21)
ay if p=2k withk=2,3,...,

m(0,x) = Eﬂ[tanh(\/a_m + g)],

where E, is the Gaussian average over the variable n.

Again, in order to prove the theorem, we need to undergo some preliminary passages.

Definition 13. For all even p > 2, Guerra’s action functional is defined as

SN pa(t:X) = 2ANpa(t, X) — X. (5.22)

Lemma 4. The partial derivatives of Guerra’s action Snp(t,x) can be expressed in terms of the generalized expectations of the order
parameters as

2
OSnpa = (M )ox = Vo(pragfh e,
axSN,p,oc = _<q12>t,x>
6ySN,p,a = _<p12>t,x>
azSN,p,oc = <m>t,x~
The computation of the spacetime derivatives is fairly lengthy but straightforward. We report the computation of the derivatives in
Appendix D.
In order to derive differential identities for the expectation values of the order parameters, we need to compute the spatial derivatives of
a generic function of two replicas O(¢'", 6@, 7V, 7).

(5.23)

Lemma 5. Leto = (6,6 and r = (+(V, 1)) be the configurations of the 2-replicated system. Then,

0.40(@ D)ix =5 3 (0 5)ghix =23 (0(&,2)g )~ N{O(e. )
_(0(6 T)q34) s (5.24)
9,(0(a,1))1x _g Zz_j (O(a, T)pab)ex 2NZ 0(0, 7)pa3)tx = N(O(0, 7)p33)1,x
7<O(g,1)p34>r,x, (5.25)
and
9:(0(g,1))1x = N((O(0, ) m)1x = (O(0, T) ) 16(m)1x)- (5.26)

The complete proof is given in Appendix E.
Again, we will assume the RS in order to simplify the computations by neglecting the fluctuations of the order parameters with respect
to their expectation values, in particular, the below proposition.

Proposition 3. The following equalities hold:

p-1

(mp)tr( Dz + (m >,x) (M, (5.27)

p/2 ?
(o) ox = (Nax + <q12>t,x) (pra)ex + R (1,3), (5.28)

13
where RI(\,2 ) (t,x) collects the terms involving the fluctuations of the order parameters and thus vanishes in the N — oo limit and under the RS
assumption.
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Proof. To simplify the notation, we will drop the subscript t,x from the quenched averages. The derivation of (5.27) is achieved by
iterating the property (5.26) with O(e,7) = m(¢)?~". Let us now observe that

(Pr2412d13) = (Pr2ghaA(a13) ) + (Pragia)(413) = (pragio)ais) + RGY (1.)

and
(Pradiagse) = (P124128(q30) ) + (pr2dio)gae) = (pragin){ga) + R (£,%),

where A(q,,) = q,, — {q,,) and RS’I),RI(\,Z’I) collect the contributions involving the fluctuations.
Now, we use O(g,7) = plqulz in Lemma 5 and get

N
3x(P12q112)t,x = 5(<P12q112)t,x + <P12q112q12>t,x + (Plqulzlpl)t,x + (P12q112>t,x)
- 2N(<P12q112q13)t,x + (plqulzq23)t,x) - N(Puqllz)t,x + 3N(P12q112¢Z34)r,x
= N(Plquﬁl)r,x - 4N<P12q112q13>t,x + 3N(P1211112Q34)r,x,

whence the following equality holds for all / € N*:

3x(P12q112)r,x = N((pnqll;l)t,x - 4(1712!1112(113)t,x + 3<P12‘ZIIZQ34)t,x)~ (5.29)

Combining the previous expressions, we obtain

1
(pradis') = 1 0x{pradia) + 4(pr2dia)ans) - 3(pradia)lass) + RY (6:%)

1
= L Oxdprdin) + (prgia) (an) + RY (5,),

where R](\,l)(t,x) = 4R§,1’l)(t,x) - 3R](\,2’l)(t,x) and we used (q,,) = (q,;) = (q,,)> which follows from invariance under replica labeling. The
previous equation can be written as follows:

1
<p1quf§1> = (Nax + (qn))(}hqulz) + Rs)(t,x). (5.30)
Iterating the procedure, we get

I+1 P
(praais') = 0+ )] (o) + R (3, (531

P
where Rl(\ﬁ)(t,x) collects all the terms involving the rest of previous expansions (and thus vanishes in the N — oo limit and under the RS
assumption). Then, by imposing I = p/2 — 1, we get the thesis. O

Now, we can use all the information obtained to build a PDE that can describe the thermodynamics of the DAM models. Indeed, recalling
the temporal derivative of the Guerra’s action (5.23) and using the result obtained in Proposition 3, we have

p/2

1 p-1 1 2
0Supi = 0+ (i) (b= Vo 5+ (@)es) - (przdes = R (1,9) (5.32)
Finally, taking the spatial derivatives of this expression and denoting Dy (t,x) = —VR%’/ 2 we have

p-1

1 1 p/2
_8t<q12>t,x - 8x(ﬁaz + <m)t,x) (m)t,x + Voax(ﬁax + (qu)t,x) (plZ)t,x = DN,X)

-1

1 p 1 p/2
“0pr)is = Oy 350~ (m)ix) (i + Vo, 05+ (@2)ix) - (pr2)es = Do (533)

1 p-1 1 /2
at<m>t,x - 6Z(Naz + (m)t,x) (m)t,x + Voaz(ﬁax + (q12)t,x) <P12>t,x = Dn,z.
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The lhs of the system of PDEs constitutes the 3 + 1-dimensional DAM generalization of the Burgers hierarchy structure. Similar to the Derrida
model case, at finite N, we have a source term on the rhs, which vanishes in the limit N — oo under the RS assumption of the order parameters.
In this case, we can analyze the thermodynamic limit and describe the equilibrium dynamics of the model.

We are now ready to prove Theorem 3.

Proof 3. First, let us call
) = I e 463 = Bm (o) P(X) = m (piis

the expectation values of the order parameters in the thermodynamic limit. Taking N — oo in (5.33) and recalling that the source contributions
Dy (t,x) vanish in this limit under the RS assumption, we arrive at the PDE system (5.20). Let us now find the initial conditions (5.21). To do
this, we start calculating the interpolating partition function in ¢ = 0,

N 7 X y-Vete K 5, zX
Znpia(0,x) =" f du(t) exp \/)_cz ioi + WZ OuTy - WZ T, + EZ i
4 i=1 u=1

u=1 i=1
K

=2 ex i(\/’_c*lz)d' fd(r)ex Ligf_mzﬁz
= > p i=1 ni 2 i U P Np/Z—ly=1 utp 2Np/2_1#=1 u

L2 cosh(vEn « )] 1 N g6
= 2 cos ( xn; + 7) ex .
i1 L u=1 /NP2 (y = Voto) + 1 P 2(NV2/2(y = Voty) +1)

By using the definition of the interpolating statistical pressure (2.4), we see that

1Y z 1 & Nl_p/2y92
Anpa(0,x) = =D [, log 2 cosh v )+ =>E £
Npa(0,%) Ni; n log 2 cos (\/9711 + 2)+N/4Z=:1 B(Z(Nl—p/Z(y_Vot0)+1)

K 1-p/2
—ﬁlog(N (y—Vot0)+1)

2\ K y
=E, log 2 cosh 2) " Nei2
y log 2 cos (ﬁﬂ + 2) * N2 2(N'P2(y = Votg) + 1)

K 1-p/2
—ﬁlog(N (y—Voto)+1),

where we used the fact that the /s are iid. random variables and Eg[@ﬁ] =1 for all p=1,...,K. Now, recalling Eq. (5.22), we can
straightforwardly derive the initial condition for the order parameters according to (5.23). First,

4(0,%) = Jim (~0:Swpa(0,%)) = —ax[Eﬂ log 2 cosh(\/a_m . g) _ x]
= Eq[tanhz(\/}n + g)] (5.34)
Analogously, we have
P(0.%) = lim (-0)Sx7a(0:5))

—_ % K J _K =p/2(, _
= ym By(Np/z 1+ NP12(y — Voto) NIOg[l N V"t")})

—lim | - K J
N—oo\ NP1 [1+ NP/2(y - Vpty)]?
@y

= if p=2,
=1+ (-t)]? (5.35)
ay if p=2k and k=2,3,...,
where we used the fact that for p = 2, we have V, = 1. Finally,
J. Math. Phys. 63, 103304 (2022); doi: 10.1063/5.0095411 63, 103304-17

Published under an exclusive license by AIP Publishing


https://scitation.org/journal/jmp

Journal of
Mathematical Physics ARTICLE scitation.org/journal/jmp
m(0,x) = I}im 0:Snp.a(0,x) = 0. E, log 2 cosh(\/)_cq + g) =E, tanh(\/z_m + g) (5.36)
This concludes the proof. o

Corollary 3. The system of PDEs (5.20) can be rewritten in a nonlinear wave equation as
O+ (v-V)$=0, (5.37)

where ¢ := (@, p, ™) is the vector of the order parameters and v := (—Vogqp/qu) _Voqp/z, _prhp—l) is the effective velocity.

Proof. We prove Eq. (5.37) for the first component, as the others follow accordingly. Let us define the function G(¢) = m? — Vog? / *p, s0
that the PDE for the order parameter g can be rewritten as

8tt-] + 8XG(¢) =0.

The x-derivative of the function G is straightforwardly computed,
0:G(9) = O = Vaa"p) = i 0 = Vg 'p 0.5 - Vaa" 0.

Now,

Oxp = Bx(f lim 8ySNP,x(t x)) (7 11m OxSnpa(t, x)) =0,q.

In the same way,

Oxtn = O ( hm 0:Snpal(t, x)) ( hm OxSnpa(t, x)) =-0.9.
With these results, we have
0:G(8) =P Vaa"™'p 01~ V"0, - pin" 0.4 = (1D + 10y + 0.0 = (v- V)
This leads to

g+ (v-V)gz=0.

Corollary 4. The equilibrium dynamics of the DAM models is given by the following set of self-consistency equations:

g = En[tanhz(\ /ﬁ'gvoqp/%lpn +ﬁ’§fn1”1)],
ﬁz—Eq[tanh(\/ﬁ’pVoq}’/z 1p11+,8 g 1)] (5.38)

apq o
pofmsgar 10
af Vo if p=2k with k=2,3,...,

where f :=

Proof. In order to prove our assertion, we use the vector PDE (5.37), whose solution can be given in implicit form as

¢(t,x) = ¢y (x - v1),

where ¢ (x) is the initial profile given by conditions (5.21). For the first component, we have

4(t,x) = gox(x - vt) = E, tanh (m,ﬁz sz)

p-1
=E, tanhz(\ [x+ }%VOZZP/Zﬂpm + %) (5.39)
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Analogously,

- p-1
m(t,x) = poz(x—vt) =K, tanh(\ [x+ §V0q1>/2—1f,t;7 + %ﬂu) (5.40)

ay-wt) _ aly+qt)

Finally, if p = 2, we have

P(t:x) = doy(x - vt) = (L+y-vyt—tg)2 (1+y+qt—1to)? (541)

while, for p = 2k with k > 2, the same order parameter satisfies the self-consistency equation
p(6x) = goy(x - vt) = aly - vyt) = aly + Vog”/’t). (5.42)
Recalling that the thermodynamics of the DAM models is reproduced when t =ty = ' = %f and x = 0, we easily get the thesis. O

Remark 12. The self-consistency equations in Corollary 4 are in agreement with those obtained by Gardner in Ref. 53 by means of the
replica approach.

Remark 13. As expected, for p = 2, the expressions given in Eq. (5.38) reduce to the Hopfield case. For p = 2k > 2, upon eliminating p from

the self-consistency equations, we get
i ‘ 2aV3 . e
m = E, tanh (pfgl)! Toql’—lq +mf |, (5.43)
. 2aV2 o
g = E, tanh’ (pfl)!(\‘ ’ 0gp=1y + m? 1) , (5.44)

suggesting that the system has an effective thermal noise level of ¢ = B/(p — 1)! and an effective capacity aess = 2aV/p (controlling the level of
glassy noise in the model). For large enough p, we have (2p — 1)1 > ((p — 1)!)?, so that

2v5 _[(2p-1D)-((p-DM)’] )~ @2p-1t _ (2p-1)(2p-3)!
p p p p

~ 2(2p - 3) n

meaning that

L eff
Ne-lo 2(2p-3)I

which is the same scaling found by Hopfield and Krotov'” in the perfect retrieval definition of the critical storage capacity.

By solving these self-consistency Eq. (5.38) numerically by a fixed-point method for a given p and tuning the parameters T and «, we
obtain the phase diagrams shown in Fig. 2. As expected, the diagrams exhibit the existence of three different regions:

e For high levels of noise T, no matter the value of storage «, the only stable solution is given by 7 = 0, § = 0, thus the system is ergodic
(I1D).

o Atlower temperatures and with relatively high load, the system exhibits spin-glass behaviors (II), and the solution is characterized by
m=0andq#0.

o For relatively small values of @ and T, we have 711, # 0 and the system is located in the retrieval phase (I). In this situation, the system
behaves as an associative neural network performing pattern recognition spontaneously. In particular, we can see that the retrieval
region observed for values of T and « relatively small can be further split in a pure retrieval region—where pure states are global
minima for the free energy—and a mixed retrieval region—where pure states are local minima, yet their attraction basin is large
enough for the system to end there if properly stimulated.
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FIG. 2. Phase diagram for p = 4 [panel (a)], p = 6 [panel (b)], p = 8 [panel (c)], and p = 10 [panel (d)], in the space of control parameters « [through the combination avg,
with the latter factor given by Eq. (5.13)] and " = 23/p!. Region | (in yellow), delimited by the solid black line, is the retrieval region, while region Il (in red) and region Il
(in blue) are, respectively, the spin-glass and the ergodic phases. The dashed line is the prolongation of the spin-glass phase inside the retrieval region. Finally, the lighter
dotted line inside region | identifies the portion of the parameter space in which the retrieval states are global minima for the free energy. Notice that the indentation that can
be seen in the transition line delimiting the retrieval phase is a spurious effect due to the RS approximation.*®

Thus, by increasing p, we need to afford higher costs in terms of resources since the number of connection weights to be properly set
grows as (IZ ), but we also have a reward on a coarse scale, since the number of storable patterns grows as K ~ N™', as well as on a fine scale,
since the critical load a. also increases with p.

VI. CONCLUSIONS

In this work, we focused on DAMs, which are neural-network models widely used for pattern recognition tasks and characterized by
high-order (higher than quadratic) interactions between the constituting neurons. Extensive empirical evidence has shown that these models
significantly outperform non-dense networks (displaying only quadratic interactions), especially as for the ability to correctly recognize adver-
sarial or extremely noisy examples,”*"*’ hence making these models particularly suitable for detecting and coping with malicious attacks.
From the theoretical side, results are sparse and mainly based on the possibility of recasting these networks as spin-glass-like models with spins
interacting p-wise; these models can, in turn, be effectively handled by tools stemming from the statistical mechanics of disordered systems
(e.g., 44 and 54). Here, we pave this way and develop analytical techniques for their investigation. More precisely, we translate the original
statistical-mechanical problem into an analytical-mechanical one where control parameters play the role of spacetime coordinates, the free
energy plays the role of action, and the macroscopic observables that assess whether the system can be used for pattern recognition tasks
play the role of effective velocities and are shown to fulfill a set of nonlinear partial differential equations. In this framework, transitions from
different regimes (e.g., from a region in the control parameter space where the system performs correctly and another one where information
processing capabilities are lost) appear as the emergence of shock waves.
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A main advantage of this route is that it allows for rigorous investigations in a field where most knowledge is based on (pseudo) heuristic
approaches, with a wide set of already available methods and strategies to rely upon. Furthermore, by bridging two different perspectives,
statistical mechanics and analytical methods, we anticipate a cross-fertilization that may lead to a deeper comprehension of the system’s
subtle mechanisms and ultimately advance the development of a complete theory for (deep) machine learning.
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APPENDIX A: PROOF OF LEMMA 1

Proof. First of all, we compute the following temporal derivative:

1 1 [ 1
OAn,p(t,x) = —FE — Jiy...i,0i, .. 0 Bnpy(t,x
t Np( ) N ]ZN,p,](t,X)z‘,: INP-1 z\ﬁlsi1<Z:<ipgN ir...i, O i Npl( )

pb 1
= g Efi i wex(0i ... 00). Al
N\/ NPT 2/ Sy Vietynx(i - 03) (A

Here, we can use the Wick-Isserlis theorem for normally distributed random variables, ensuring that E;J; f (J) = E;9;, f(J) for each function
f of the quenched disorder J. Thus,

1 [ 1
OANp (LX) = — — E;0;. . wix(0i, ...0;
WAvp (6:2) = T\ SN zﬁlgq;«-,,sw 191y 1x(0 03
tp! 2
= E 1) - Oi, ...0j
\/ZNP 12\/_ 2NP~ 11<11< <ip<N I(wt’x( ) wt’x( h ’P) )
!
= L Z (1 - E]wt,x(ml .. .O'jp)z). (A2)

4NP 1<ij <+ +<ip <N
The nontrivial contribution in round brackets in the last equality can be expressed in terms of the overlap order parameter. Indeed,

Ejwix (0, ...aip)z = E]w(l)(o.(l) e a.(l)) w(z)(a.(z) e aliz))
Q(Z)(U(l) 1(2) (1) (2))

11 11

(o0 o), (4
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where 1,2 are the replica indices. Now, using Remark 2, in the thermodynamic limit, the following equality holds:

&AN,P(t,x)_m Z ( <1(11> l(lz). ;1) lﬁz)%)x)

(- {(3ELee) ), ) - fa- e (a1

Concerning the spatial derivative, we proceed in the same way,
OxAny (1, i0iB £,
O v PR LI
ZN\/—ZEIL‘UM(U:) = ZN\/—ZEjaj,wtx(Uz)

1 2
= — 1-Ejwix(0i)”). A5
2 (1= Brans(o)?) (49)
In this case, we express Eyw;.(0;)? = (al.(l)ai(z) )ex. Thus,

uAnp(t,x) = %(1 (1)), (A6)

By simply exploiting Definition 6 and the Remark 2, we get the thesis. ]

APPENDIX B: PARTICULAR CASES OF LOW-STORAGE DAMS

In this appendix, having clarified the equations describing the general case of the DAM models in the low-storage regime, we will study
two special cases: the standard case where p = 2 and the more complex case with p = 3. In particular, we will observe that these two cases can
be described by the Burgers and Sharma-Tasso-Olver equations in a (K + 1)-dimensional space, respectively. To start, however, we first need
the following definition and lemma.

Lemma 6. Forally,v=1,...,K, we have

1. [Dy,Dy]=0and
2. [0wDy] =N[Dy,u,] Vs> 0,

where [-,-] is the usual commutator.
Proof. The proof of statement 1. works by direct computation. Indeed,
[Dy,Dy] = |:lc?,4 + Uy, iav + uv]
N N
_ #[a,,,av] " %[ay,uv] " %
- %(aﬂuv — By,

(w40 O] + [, iy ]

Since the field u, (¢, x) is conservative, i.e., u(t,x) = OuAy e (£,%), we have
Oty — Oty = (040 = 0vOu) AN p e (t,x) = 0,

meaning that [Dy, Dy] = 0. Let as now prove property 2. In this case, the proof works by exploiting the property [Dy, D,] = 0 (from which it
follows that [Dy, D] = 0) and the definition D, = 8,4 + uy,. Indeed,

S 1 S S
0= [DM’DV] = N[aﬂ’Dv] + [”H’Dv]'

By rearranging the equality, we easily get the thesis. O
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From the previous lemma, we can then prove the following two propositions.
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Proposition 4. In the p = 2 case with a generic finite K, the evolutive equation (5.10) reduces to the multidimensional Burgers equation.

Proof. In the p = 2 case, Eq. (5.10) reduces to

K
Oty = —Z OuDyuty.

v=1
Now, using the second claim of Lemma 6 with s = 1, we have
OuDyuy = (DyOy + N[Dy, uy ] )ty
Recalling the definition of the D operator, we have

1 1
Dva}tuv = (ﬁav + uv)ayuv = Navaﬂuv + uv(?,,uv,

1 1

1
[Dy, ] = [ﬁav + Uy, “14] = N[av’ Up] = Navuw

Thus,

(1
Dety == (N&,@Huv + Uy Oty + uvavuy).
v=1

However, now,

BvDyutty = DyOuDyAN pes i (1,%) = Oy,
Uy Outhy = UyOuOvAN p=2 £ i (£ %) = Uy Oyt

Using these results, we can rewrite the equation as
K1,
B+ S (Navu,, " 2uv8Vu,,) -0
v=1

or, in vector form,

1
O+ szu+2(u- V)u =0,

which is precisely the Burgers equation in K + 1 spacetime.

O

Proposition 5. Inthe p = 3 case (and generic K), the evolutive equation (5.10) reduces to the multidimensional Sharma-Tasso-Olver (STO)

equation.”"
Proof. In the p = 3 case, Eq. (5.10) reduces to

K
Aty = = uDiuy.

v=1

Recalling that D, := (%(% + uv), we have

1 1

= 8,,[—85141, + —8v(u%) + ﬁuv&,uv + uz]
1 3

= a,,[ﬁaﬁuv + Nuvavuv + uf,]

Performing the derivative with respect to the y-th component, we, therefore, get

1 3
@,Diuv = ﬁa#aﬁuv + N (OuuvOytty + 1,0, 01ty ) + 3u38,4uv.

(B1)
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Now, recalling that u,(t, x) := wx(m,(0)) and (5.7), we have
DuOstty = 903 Ay pes i (1,%) = 05,
Outhy = OpuOvAN p=3£k (t, X) = Oyiy,
Dudyity = 805 A pes i (1,%) = O
Using these results, we can rewrite the equation as
K

Oty = = (%8314;4 Z(Bvua)* + = uva Uy + 3uv6vu,4)

APPENDIX C: UNIVERSALITY OF NOISE IN DAMS

In this appendix, we show how quenched-noise contributions in the partition function (5.11) can be described in terms of Gaussian
variables, so that we can take benefit of Wick’s theorem. Let us start by considering the noisy contribution generated by non-retrieved
patterns,

NP1

%Y 6o, - Z( Zg”g,) - NY

U22iy,.. ip u=2 uz2
where m,, are the Mattis magnetizations. Under the assumption of single-pattern retrieval of &', it is easy to show that m, ~ N'(0, N “12) for

¢ > 2. With a straightforward application of Cramer’s lemma for large deviation theory (see, for example, Ref. 57), it can be shown that the
variable s, ; = mL is described by the probability distribution

—(1-1 N 2
P(s1) o< 5/4,1(> ) eXp(_zsﬂl)

Clearly, for I = 1, this reduces to a Gaussian distribution as expected. Conversely, for [ > 2, the probability distribution has support on ]0, +oo/,
with first and second moments given by

E = >
S#’l \/_
5 ZZN_lf(l+ %)
.‘41 = \/_

In particular, for [ = p even, we have Es,, = N3 (p-1)!'and Eslz,,p =N7P(2p-1)!! so that

Var(sup) = NP[(2p - DI = ((p- 1)1)’].

Since the s,,’s are i.i.d. and their variance is finite, the sum

—Z Z . lpa,l O, = ) Sup

,u>211 ip u=2

converges to a Gaussian distributed variable by virtue of the Central Limit Theorem (CLT), in particular,

72 Z & 800, > N(wo)

y>2h
for K — oo, with
u=N:K(p-1), (C1)
o=+/KNP[(2p- 1)l - ((p-1)1)?]. (C2)

This means that the noise contribution N}, o1 ~ N+ zNo, where z ~ N'(0,1). Notice that the contribution of the expectation value can
be neglected from the whole partition functlon as it would contribute to the free energy with a factor of order O(log N/N).
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In the spirit of Gaussian universality of noise generated by non-retrieved patterns,”’ > we consider the random variable

2
NVZ( Z coips2 Oj, . "Gip/l) 5 (C3)

U2 \ij<-- <tp/2

with ]ff ,H.,i,,/zNide (0,1) and V a free parameter to be suitably tuned. By carrying out a totally analogous analysis as before, it is easy to show

that, in the large N and K limit,

2
VZ Z ]::1 Zail e Oy —>N(ﬁ,&2),
U2 \ i1 <---<ipy o/ d

. N . N . . . C e . - - .
where ji = VK ( » /2) and 6 = V2K ( o) ) Thus, the random variable (C3) behaves, in the thermodynamic limit, as Nji + zNG, with z ~ N

(0,1). Again, we can forget about the first moment, as it would contribute as O(log N/N) to the free energy, and thus tune the ¥ to match
the second moment (C2) of the noise generated by non-retrieved patterns,

0=5—=—/KN?[(2p- 1) = ((p-1)1)?] = Wﬁ( /2) (C4)

leading to

2 (zp_ )"_((p_ )H)
V_—
P/z \/

In the large N limit, we have

(pl;]Z) “NY (IE)!)?I'

D:N-pg!\/up—1)!!—((p—1>u>21 NV
2 2 '

To conclude, we see that, in the N, K — oo limit,

Thus,

2
) R e |
1

1
NP~ u=2i u=2 <ip/a

where, here, the symbol ~ means that the two sides of the equation are two Gaussian variables with the same second moment (which is the
only relevant momentum for our concerns).

APPENDIX D: PROOF OF LEMMA 4

Proof. We prove the equality for the t-derivative of the Guerra’s action, as the others follow from similar calculations. To do this, we first
compute the temporal derivative of the interpolating statistical pressure,

Vo
N _p 1\/1_/%:1 <Z<: EJE iy 0 (03 - 01 T) 7Ewt,x(pu).
1 Ip/2

1
8tAN,p,[x = EE(&)[,x ( mp)

We can apply the Wick-Isserlis theorem on the second contribution to get

1 V V
OuAnpa = 5 (s + NOPIZNZ > Elww(m) - wia(on - -0,,,m)] = T (o )ex
Yo <eee<ip
1
= 5( ml) ey + W(NP(PM ~ NP (@ pra)ex) — *(Pll)
1 2
= (e - 7<puqf;§ Voo
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where we used the fact that ngz‘l <oocipyy = i, iyys I the thermodynamic limit and the definitions of the overlap order parameters (5.18) and
(5.19). Recalling that Sy p.« (¢, %) = 2ANp,«(t, %) — x, we finally get the result. m]

APPENDIX E: PROOF OF LEMMA 5

Proof. We only prove Eq. (5.24), the other one can be obtained in an analogous way. We will denote for simplicity of notation (-}, with

(). Thus,
1 Sy @ @)_ L svm o® ®)
0:0(e:0) = 5233 Y Em? (0(e.1)o(”) - -3 B0 (0(e. 1))
1 % @ @)_ 1< ®) ®)
= Tﬁ;;E”a”’Q (O(g,z)cf,- ) - %;M Q (O(g,z)o,- ) (E1)
where in the last line we used the Wick-Isserlis theorem. Now, it is simple to see that
2
9,0 (O(g,z)(f,-(“)) = \/J_C[Z a® (O(g,z)ﬂf“)ﬂi(h)) -20® (O(g>z)0,-(a)0,-(3))] (E2)
b=1
and
9,09 (0(g,1)0V) = f[z a®(0(g,1)oVe™) - so“’(O(g,z)of”of”)]. (E3)
b=1

By using Eqgs. (E2) and (E3) into (E1), we get

2
> EQ® (O(a 1)0(3) (“))
b=1

Mz

2
> EQ(Z)(O((I T)a(“) (b))

a, b=1

0x{0(g,1)) =

N | —

'Mz M=

I
—_

I
—_

Mw
™M=

EQ®(0(g,1)0 Vo) + 3

1 i

EQ® (O(a 1)0(3) ) )

a

Il
—

Recalling that g, = fz ( ) i(b) we can write

(0(0,7)qa) — Y (0(0,7)qa3) = Y (O(8,7)g34) + 3N(O(0, 7)q34)

2
2.
a,b=1 a=1 a=1
2
2
b=

8:(0(, 7)) =

N\Z N\Z

(0e:1)s) ~ 2N (0l 1)) - N(O(@:)) + V(O D), (B4

a,b=1

thus obtaining Eq. (5.24). m]
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